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Abstract 
The onshore Barendrecht CO2 storage project in the densely populated West of the Netherlands is designed to 
prevent CO2 to migrate out of the deep underground through geological formations and outside of wells. Achieving 
maximum safe containment is facilitated by selecting depleted gas fields as CO2 storages having stored natural gas 
over millions of years.  This also allows choosing a final storage pressure that is lower than the ambient natural 
pressure in the surrounding rock formations. The inverse pressure gradient prohibits potential outflow from the 
storage reservoir. Additional proven safety barriers are the existence of sealing caprocks and large saline aquifers 
that overlie the storage reservoir.  These saline aquifers alone have the capacity to sequester multitudes of the CO2 
volumes that are planned to be stored in the depleted gas reservoirs. 
 
It is widely accepted that wells hold the main potential of forming a migration path.  In the case of Barendrecht this 
would mainly mean potential migration of reservoir fluids of overlying formations into the CO2 storage reservoir as 
pressure equalization – returning to a natural equilibrium as existed prior to start of gas production without any 
overpressures - is not expected to occur before hundreds to thousands of years.   Nevertheless assessing the 
evolution of current and future well integrity with CO2 injection is crucial for ensuring containment of the injected 
CO2 during injection and in the long term. The Barendrecht fields have respectively two and three drilled and 
completed wells penetrating the CO2 storage reservoir..  
 
This paper describes the most relevant subsurface related highlights from various studies that were carried out in 
connection with the Barendrecht CO2 storage project.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The Barendrecht CO2 storage project consists of one small gas field to achieve fill up in three years followed by 
CO2 storage in a much larger gas field to achieve sufficient volume to bring storage cost per ton of CO2 within 
acceptable margins. The overall safety management approach for Barendrecht comprises identifying all potential 
threats to CO2 containment and barriers that are or can be put in place, assessing the probability and consequences 
c⃝ 1 Published by E sevier Ltd.
Energy Procedia 4 (2011) 4100–4108
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2011.02.353
Op n access under CC BY-NC-ND license.
2 Author name / Energy Procedia 00 (2010) 000–000 
of migration scenarios and defining a risk-based monitoring and response plan (Ref.1). Prime focus of this paper is 
the analysis of geological and well barriers to prevent non-containment. Furthermore the consequences of a 
theoretical migration out of the storage reservoir were investigated, although no credible scenario has been identified 
in which CO2 migration out of the deep underground is possible. Specifically addressed here are: 
 
a) Selection of a final fill up pressure for depleted gas field CO2 storage to achieve an inverse pressure 
gradient as an additional safety barrier, 
b) Geological barriers that are in place in any underground CO2 storage,  
c) Potential consequences of non-containment in terms of volumes, rates and spatial distribution of CO2 
migration out of a storage reservoir.  
d)  Well barriers and the safe containment of CO2 inside wells. 
 
Note that the overall containment demonstration and risk management approach and other aspects of CO2 storage in 
Barendrecht are discussed in separate papers (Ref [1], Ref. [2], Ref.[3]). The results of several studies as are 
described here were also used as a basis for the input and conclusion made in the mandatory Environmental Impact 
Assessment (Ref.4). 
 
2. CO2 fill up pressure 
The dynamics and pressure evolution of the Barendrecht depleted gas fields have been determined by history 
matching well and pressure performance using a 3D numerical reservoir simulation model. The models are based on 
a detailed geological model. This allows modeling of CO2 storage in the depleted gas fields from start of CO2 
injection to the end of CO2 fill up and beyond. Uncertainties are relatively small – well within the margins of safety 
and robustness required to financially commit to this project - and no further appraisal or development to convert to 
CO2 storage is required.  
 
In order to preclude the possibility of any sustained outflow of CO2 from the storage reservoir a fill up pressure that 
is lower than the ambient natural pressure gradient in the surrounding rock formations was selected. The inverse 
pressure gradient prevents any potential outflow from the storage reservoir. The final fill up pressure was selected 
based on the minimum pressure required in order to achieve outflow via a theoretical connection that is CO2 filled 
through the caprock to the next overlying permeable formation. In the case of Barendrecht this resulted in a 
reduction of 4 bar with respect to the ambient pressure based theoretical connection through a 90 m thick cap rock. 
An additional 4 bar pressure was added as a safety margin, resulting in total of 8 bar of underfill.   This method can 
be typically be applied for depleted gas fields consisting of non-massive cap rocks, i.e. less than 100m, and 
overlying further caprock/reservoir sequences. 
 
Further modeling was done to assess the future and long term pressure development in the underfilled CO2 storage 
reservoir. Reservoir simulation for the small Barendrecht field established that the gas bearing zone is connected to a 
tight aquifer. The tight aquifer may have slightly and gradually been depleted due to some water influx into the gas 
zone near the gas-water contact during the gas production phase. Pressure scenarios for the shorter term pressure 
development of 1-5 years after CO2 fill up indicate the possibility of a minor pressure equalization between the CO2 
and the slightly depleted water bearing formations below the Gas Water Contact. This would result in a slight 
decrease of the final CO2 storage pressure, which in turn would further increase the inverse pressure gradient safety 
margin (underfill pressure).   
 
The impact of long term effects (up to geological times) on the CO2 storage that can occur beyond any 
monitoring period have also been estimated. This includes mixing of injected CO2 with the remaining natural gas 
through convection and diffusion inside the storage reservoir, ongoing geological gas charging and aquifer re-
pressurization back to initial pressure. Some minor long term re-mineralization due to reaction with water dissolved 
CO2 are not expected to play any role. 
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Complete mixing of CO2 and remaining hydrocarbon gas is seen as a very slow process given that diffusion is 
severely slowed down due to the presence of pore system. The timeframe required to achieve full mixing is 
estimated to last hundreds of thousands, probably even millions of years. The effect of a contamination of the CO2 
with for example ca. 10% of natural gas is that the volume of the mixed components is slightly larger than the 
volume of the separate components. Given that the space in the pore system is fixed a slight pressure increase of up 
to 3% could occur in this case. Note that the estimated maximum long term pressure increase remains within the 
underfill pressure margin in both Barendrecht fields. A gas charge study was performed in order to establish the rate 
of gas influx from naturally occurring gas charging in the Barendrecht area. Naturally occurring and migrating gas 
can slowly increase the reservoir in an underfilled CO2 storage reservoir like in Barendrecht. A maximum gas 
expulsion rate from the known source rock in this area was calculated. Based on a maximum inflow area or 
“collection” area for gas charging a pressure increase of 1 bar per 700 years was estimated for the small Barendrecht 
CO2 storage reservoir. 
 
 A third potential source for a gradual pressure increase in an underfilled CO2 storage reservoir is re-charging 
through an (nearly) infinite acting aquifer, i.e. a permeable geological formation with a large extent. In the case of 
the small Barendrecht gas field CO2 storage is planned in a relatively large geological formation. However 
permeability in the water bearing part of this formation is poor resulting in a very slow or weak aquifer response, if 
any. Based on the maximum uncertainty for aquifer pressure support, which can be derived from history matching 
pressure performance during gas production, a pressure increase of ca. 1 bar in 200 years is estimated. It should be 
noted that the time to restore pressure  will continue to increase given that the pressure difference with the aquifer 
reduces, i.e. the re-pressurization process slows down. 
 
Eventually these effects can lead to a restoration of an equilibrium between storage reservoir pressure and 
ambient formation pressure. This would lead to a gradual resumption of the natural, very slow migration situation 
due to a gas charge as existed prior to the start of any natural oil or gas production. Note that it is estimated that the 
gas charge has been active for the last 65 million years. During this very slow process of natural gas charging gas 
will migrate towards other producing gas and oil fields in the area then start to re-fill them. This was also the 
outcome of an overburden migration study, which simulated the migration path of CO2 in case of overfilling the 
CO2 storage reservoir by unlimited CO2 injection (see section 4.).   
 
3. Geological barriers 
Geological barriers can be split into two categories in terms of CO2 containment: permeable rock (reservoir) and 
impermeable rock (cap rock).  A  cap rock is required to allow accumulation of natural gas in a geological trap over 
geological times.  The cap rock(s) in the Barendrecht area consists of shales, clays and silty claystone.  The minute 
pores of these cap rocks are saturated with water, which originates from the groundwater at the time of deposition. 
Due to the affinity of water to the rock - the rock is water wet in the presence of gas or CO2 - a considerable 
overpressure or capillary entry pressure is required to force gas or CO2 into cap rock pores. This is also the primary 
sequestration principle in Barendrecht, which is referred to as structural trapping.  
 
Permeable reservoir rocks above and between cap rocks contain somewhat larger pores, which are filled with 
brine (saline aquifers). The larger pore throat size results in a low flow resistance due to a low capillary entry 
pressure in reservoir rock. However due to the presence of huge quantities of brine, small amounts of CO2 that enter 
an aquifer will be contained in general by three well known sequestration principles of capillary trapping, solution 
trapping and mineral trapping. 
 
4. Potential migration of CO2 
The possible consequences of non-containment of the cap rock were estimated, showing that potential CO2 
migration is limited by the size and depth of the CO2 storage. If a leak path were to be opened between the storage 
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reservoir and an overlying saline aquifer, CO2 would flow out of the storage reservoir until pressure equalization 
has been reached in case a depleted gas field is used as CO2 storage. 
 
Furthermore a case has been modeled assuming that CO2 injection would not be stopped and CO2 is allowed to 
spill from the gas bearing structure. Based on a regional geological model it was shown that CO2 would migrate 
along natural gas migration paths. In the theoretical case of injecting considerable multitudes of the currently 
planned total CO2 injection volume, part of that CO2 would eventually reach and be contained in depleted oil and 
gas fields in the area (the other part would dissolve and be trapped by capillary forces in aquifers along the 
migration path). CO2 trapping along the migration path was reason that a theoretically unlimited CO2 injection was 
required in order for the CO2 to eventually reach neighboring gas and oil fields that will act as a structural trap. This 
also shows that the full trapping potential for CO2 in saline aquifers alone in the deep subsurface around 
Barendrecht is several times the amount of CO2 that is actually stored in the depleted gas reservoirs. 
 
As a third case the consequences and flow dynamics of gas or CO2 migration through a faulty cement bond outside 
a well prior to proper abandonment were investigated. Modeling results indicate limited migration volumes, which 
in severe cases could approach the average annual CO2 output of a middleclass car. It is shown that the potential 
flow increase due to an increasing depth and pressure gradient is fully compensated by increasing friction losses 
inside small cracks or micro annuli in the cement around wells. These results are in line with field data that were 
observed from faulty well cementations prior to remedial actions. 
 
5. Well barriers 
When converting a gas field into a CO2 storage reservoir, three types of wells have to be considered: abandoned 
wells, including sidetracks, existing gas wells and future wells that could be required as part of the CO2 storage 
project. These wells will be subjected to two different categories of well integrity issues.  
 
The first category of well integrity issues arises from the pressure changes in the reservoir due to previous 
depletion and future re-pressurization. This changes the stress conditions in the wells, which could potentially lead 
to casing shear and cement debonding.  Wells affected by this phenomenon are not only wells within the CO2 
plume, but also the ones located within the pressure change induced by the injected CO2.  It should be noted that 
although reservoir deformation – and hence the change in stresses – can be minimal, an increase of reservoir 
pressure can have a detrimental  impact on previously abandoned wells, as cement plugs were set and tested at lower 
pressure. 
The second category of well integrity issues impacting the past, present and future wells are linked to the 
deterioration of cement and steel.  As CO2 migrates into the reservoir, it partially dissolves in residual formation 
brine which lowers the pH of the brine, which increases corrosiveness. This can potentially increase the degradation 
of both cement and steel and lead to CO2 migration behind the casings or inside the well.  Numerous lab 
experiments have been done on degradation of steel and especially of cement in wet CO2 or CO2-saturated brine, 
which suggests the potential for severe degradation.  However, the conditions in the field are, in general, different 
than in these experiments.  Notably, the injected CO2 is usually dry and will hence dry out the formation around the 
injectors, which drastically reduces the degradation rates of these wells in depleted gas fields.  Moreover, in post-
injection conditions, the chemical degradation mechanisms become mainly diffusion driven, which restricts the 
extent of the affected zone to a small portion of the total barrier even on a scale of thousands of years.  Besides, field 
experience in USA and Canada with CO2 injection shows that well leakage is mainly caused by poorly designed or 
abandoned wells and to a lesser extent by CO2 degradation itself. 
This threat is relatively easy to mitigate in new wells through careful design and material selection, but it may be 
more challenging to tackle in existing wells. In particular older, abandoned wells can suffer from a lack of records. 
Also, it may be difficult to re-enter them to acquire more data and to establish whether these wells are CO2-proof. 
 
The status of the existing wells plays therefore a critical role in the choice of the field, in order to ensure adequate 
well barriers.  The nearly abandoned and old De Lier field was previously considered as a potential CO2 storage 
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reservoir, but the feasibility study, done with the support of TNO, concluded that in some of the 51 abandoned wells 
the risk of loss of containment was too high without re-abandonment of these wells. Typical risks were either 
potential interzonal communication or weak barriers between the target CO2 storage reservoir and other permeable 
layers and/or surface. Since re-abandoning these wells was considered unpractical (several well-sites had already 
been abandoned and converted to other uses by the land-owners), the field was discarded as a candidate for CO2 
storage. 
The Barendrecht fields benefit from their relatively recent development and the absence of abandoned wells.  The 
integrated analysis of the CO2-related degradation mechanisms in the wells, the in-depth identification of the 
potential migration paths and a sound review of the suitability of the existing wells design and materials together 
made it possible to prove the suitability of the existing wells as injector or monitoring wells for the CCS project.  
Based on these elements, a specific monitoring plan has also been designed to pick up as early as possible any 
potential degradation of the steel or the cement in the wells or unwanted flow behind the pipes during the injection 
phase.  The objective of this monitoring plan is to make sure the critical barriers to CO2 migration stay intact and, if 
required, to perform timely remedial or mitigation measures.  Note that any potential flow behind casing through 
compromised cement is expected to be minor (see consequence analysis earlier).  Moreover, the abandonment 
design of the wells after the injection phase had to be adapted with respect to the learnings mentioned above in order 
to ensure long term containment of the CO2 into the reservoir: full borehole plugs using CO2-resistant cement will 
be set across the seal in case the quality of the cement behind the pipe is dubious.  Compared to standard 
abandonments where a cement plug is placed inside the casing, this reduces the number of interfaces across the seal 
to a single one (cement-formation).  This technique enables therefore to eliminate most of the potential leak paths 
(e.g. micro-annulus between casing and cement or cement and formation) and ensure the future degradation process 
will be diffusion driven only, which will guarantee long-term containment of the CO2 in the storage reservoir. 
 
6. Conclusions 
The overall safety management approach identifies all potential threats to CO2 containment, barriers that are or 
can be put in place, probability and consequences of migration scenarios and a monitoring and response plan.  This 
paper highlights natural and designed subsurface barriers for the safe containment of CO2 in the deep underground 
of Barendrecht based on a combination of the following aspects: 
 
1. A design fill up pressure set on purpose below the original formation pressure so that any migration would 
tend to be into the CO2 storage reservoir. 
 
2. A suitable geological setting, where the storage complex includes several seals and is large enough to 
contain multitudes of the planned CO2 storage volume through dissolution and capillary trapping in 
overlying salt water aquifers. 
 
3. A determination of the theoretical migration paths within the storage complex, in terms of spatial distribution 
and rate, highlighting safe containment. 
 
4. A specific analysis on the existing wells, including the abandoned holes, the impact of the different in-situ 
degradation mechanisms in the wells, the required monitoring plan to ensure the safeguarding of well 
integrity during and after injection, and the design of a CO2-specific abandonment plan to ensure long term 
containment of CO2 in the storage complex. 
 
Following this integrated safety-based approach, considering both the natural barriers already in place and the man-
made barriers to be added, enabled to select the empty gas fields of Barendrecht guaranteeing safe and long term 
containment of CO2 in a densely populated area of West Netherlands. 
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Figure 1 
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Figure 3 (Underfilling of CO2 storage reservoir results in under-pressure compared to surroundings) 
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Figure 4 (Installing several thick pancake plugs remove main potential migration routes) 
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